Phylogenetic analysis of Y-family DNA polymerases suggests that it can be subdivided into several discrete branches consisting of UmuC/DinB/Rev1/ Rad30/Rad30A and Rad30B. The most diverse is the DinB family that is found in all three kingdoms of life. Searches of the complete genome of the crenarchaeon Sulfolobus solfataricus P2 reveal that it possesses a DinB homolog that has been termed DNA polymerase IV (Dpo4). We have overproduced and purified native Dpo4 protein and report here its enzymatic characterization. Dpo4 is thermostable, but can also synthesize DNA at 37°C. Under these conditions, the enzyme exhibits misinsertion fidelities in the range of 8 × 10 -3 to 3 × 10 -4 . Dpo4 is distributive but at high enzyme to template ratios can synthesize long stretches of DNA and can substitute for Taq polymerase in PCR. On damaged DNA templates, Dpo4 can facilitate translesion replication of an abasic site, a cis-syn thymine-thymine dimer, as well as acetyl aminofluorene adducted-and cisplatinatedguanine residues. Thus, although phylogenetically related to DinB polymerases, our studies suggest that the archaeal Dpo4 enzyme exhibits lesionbypass properties that are, in fact, more akin to those of eukaryotic polη.
INTRODUCTION
Our understanding of basic cellular processes like DNA replication and repair have changed dramatically over the past couple of years with the discovery of a plethora of novel DNA polymerases that belong to the UmuC/DinB/Rev1/Rad30 superfamily of proteins (1, 2) . As this family of proteins are clearly related to each other, yet share little to no similarity to the previously identified polymerase families (3) (4) (5) , it has recently been suggested that they be called the 'Y-family' of DNA polymerases (6) .
Phylogenetic analysis suggests that members of the UmuC subfamily are found in bacteria whereas those from the Rad30 branch are found exclusively in eukaryotes (6) (7) (8) . The DinB subfamily is the most diverse and is found in bacteria, archaea and eukaryotes. Quite remarkably, these DinB orthologs are often well conserved. For example, the DinB-like proteins from humans (DINB1) or mice (Dinb1) share a high degree of similarity to their Escherichia coli counterpart (9, 10) .
Interestingly, only a couple of archaeal dinB orthologs have been reported in the literature to date. One is the dbh (dinB homolog) gene from Sulfolobus solfataricus P1, which was previously identified using degenerate PCR primers designed to E.coli umuC and dinB sequences (11) ; the second is a related gene identified as yqjH in Halobacterium species NRC-1 (6, 12) . In fact, the limited distribution of dinB-like genes in archaea is quite evident as at least 16 archaeal genomes have been completely sequenced and are devoid of any identifiable dinB ortholog.
While searching for aerobic thermoacidophiles at the Pisciarelli hot springs on the outer slope of the Solfatara volcano crater wall near Naples, Italy, Wolfram Zillig and colleagues identified two strains of Sulfolobus that they initially identified as DSM 1616 and DSM 1617 [their designation at the Deutsche Sammlung von Microoganismen (DSM) depository in Germany] (13) . The two strains were subsequently called S.solfataricus (13) , and designated as subspecies, P1 and P2 (where P stands for Pisciarelli; W.Zillig, personal communication). The two strains are distinct, but are clearly closely related to each other (13) . However, much to our surprise, BLAST searches (14, 15) of the complete S.solfataricus P2 genome (http://www-archbac.u-psud.fr/ Projects/sulfolobus/sulfolobus.html; Genbank accession no. AE006641; 16) using the P1 Dbh protein as a search parameter, revealed a related ortholog that is only 53% identical to the P1 Dbh protein. The P2 DinB-like protein is, therefore, only the third DinB ortholog identified to date in archaea.
The enzymatic properties of DinB-like polymerases have been reported for E.coli (DNA pol IV) (17) (18) (19) and from humans [termed pol θ (20) and pol κ (21-25)]. We were therefore interested in comparing the biochemical properties of the archaeal DinB-like enzyme from S.solfataricus P2 to its bacterial and mammalian orthologs. Our expectation was that such characterization would provide insights into the structurefunction relationship of the DinB branch of the Y-family of DNA polymerases. Interestingly, the initial characterization of the archaeal polymerase reveals that it is thermostable and while exhibiting some properties similar to DinB enzymes it also unexpectedly shares lesion-bypass properties similar to the distantly related eukaryotic Rad30 (polη) branch of the Y-family of DNA polymerases (6) .
MATERIALS AND METHODS

Cloning and overexpression of S.solfataricus P2 DNA polymerase IV
Sulfolobus solfataricus P2 was obtained from the American Type Culture Collection (ATCC, Manasas, VA; catalog number 35092). The P2 dpo4 gene was PCR-amplified by simply resuspending a small aliquot of the lyophilized culture in water and the resulting suspension used directly in PCR reactions. The two primers used for amplification were: ssP2dbhN 5′-GGAATTCATATGATTGTTCTTTTCGTTGATTTG-3′ and ssP2dbhBa 5′-CGCGGATCCTTAAGTATCGAAGAACTT-GTCTAATCCTA-3′ that contained NdeI and BamHI restriction enzymes sites, respectively (underlined). A ∼1000 bp PCR fragment was amplified using AmpliTaq polymerase (Roche Molecular, Indianapolis, IN) and the undigested fragment cloned directly into the 'pGEMT easy' vector (Promega, Madison, WI). The DNA sequence of the insert was verified and the P2 dpo4 gene was subsequently subcloned into pET22b (Novagen, Madison, WI) as an NdeI-BamHI fragment. Finally, the recombinant plasmid, called p1914, was introduced into RW382 (26), a ∆umuDC595::cat derivative of BL21(λDE3) (27) .
Purification of DNA polymerase IV (Dpo4)
An overnight culture of RW382 harboring p1914 was diluted 1:100 in fresh Luria-Bertani media containing 100 µg/ml ampicillin and grown at 37°C. After reaching an OD 600 of 0.5, cells were harvested by centrifugation and the cell pellet resuspended in 3 vol of buffer A [75 mM NaCl, 10 mM KHPO 4 pH 7, 0.1 mM EDTA, 1 mM dithiothreitol (DTT)]. Cells were lyzed by sonication and the cleared lysate was heat treated at 85°C for 5 min. The heat treatment caused many of the E.coli proteins to denature and these were subsequently removed by centrifugation at 20 000 g for 30 min. The soluble supernatant was applied to a 'HiQ' DEAE-Sepharose column (Amersham Pharmacia Biotech, Piscataway, NJ) and bound proteins eluted in a linear 75-1000 mM gradient of NaCl in buffer B (10 mM KHPO 4 pH 7, 0.1 mM EDTA, 1 mM DTT). Fractions containing Dpo4 were pooled and concentrated using a Macrosep 30K filter (Pall-Gelman, Ann Arbor, MI) before being applied to a 'BioGel' hydroxylapatite column (Bio-Rad, Hercules, CA). Bound proteins were eluted with a 10-1000 mM linear gradient of KHPO 4 . Pooled fractions containing Dpo4 were subsequently dialyzed against buffer C (Tris-HCl pH 7.5, 20 mM, 50 mM NaCl, 0.1 mM EDTA, 1 mM DTT), and applied to a Superdex 75 gel filtration column (Amersham Pharmacia Biotech). As a final purification step, fractions were concentrated in a microsep 30K filter and applied to a MonoS column (Amersham Pharmacia Biotech). Proteins were eluted using buffer D (20 mM Tris-HCl pH 7.5, 1 M NaCl, 0.1 mM EDTA, 1 mM DTT). Using this protocol, Dpo4 was purified to >95% purity (based upon staining gels with Coomassie Blue R-250) and typically resulted in a yield of ∼700 µg Dpo4 from a 100 ml culture of E.coli cells.
DNA templates
Most synthetic oligonucleotides were synthesized by Lofstrand Laboratories (Gaithersburg, MD) using standard techniques and were gel-purified prior to use. The exceptions were the lesion-containing 30mers, which have been described previously (28) (29) (30) ; see below). The undamaged DNA templates used in the replication assays have also been reported previously (31) , thereby allowing a direct comparison of replication fidelities to those obtained with different DNA polymerases assayed in earlier studies (31) . The primer for the undamaged templates was a 16mer: 5′-CTTGAAAACATAGCGA-3′, that was 5′-labeled with [γ-32 P]ATP (5000 Ci/mmol; 1 Ci = 37 GBq) (Amersham Pharmacia Biotech) using T4 polynucleotide kinase (Life Technologies, Gaithersburg, MD). Most reactions utilized a 40mer oligonucleotide template with the sequence: 5′-AGCG-TCTTAATCTAAGCTXTCGCTATGTTTTCAAGGATTC-3′, where X was either G, A, T or C. This sequence (X = A) corresponds to nucleotides 4072-4121 of M13mp18. The nucleotides underlined indicate the location of the annealed radiolabeled primer. Where noted, the 40mer oligonucleotide template was replaced with circular single-stranded M13mp18 DNA (New England Biolabs, Beverly, MA).
The oligonucleotide templates containing lesions were synthetic oligonucleotide 30mers (28) (29) (30) . For the cis-syn and 6-4 dimers the template sequence was 5′-CTCGTCAG-CATCTTCATCATACAGTCAGTG-3′, where the two underlined thymines indicate the position of the CPD (cis-syn cyclobutane pyrimidine thymine-thymine dimer) or 6-4PP. The abasic template was 5′-CTCGTCAGCATCTXCATCAT-ACAGTCAGTG-3′, where X represents the location of the synthetic abasic site. The primer for the CPD, 6-4, abasic and undamaged control TT template, was a 16mer with the sequence 5′-CACTGACTGTATGATG-3′. The sequence of the acetyl aminofluorene (AAF) template was 5′-CTCTTCAC-CTCTAGTCTCCTACACTCAATC-3′ where the underlined guanine indicates the location of the AAF adduct. The 16mer primer for the AAF template was 5′-GATTGAGTGTAG-GAGA-3′. The cisplatin template was 5′-CTCGTCACCTCT-GGTCTCCTACAGTCAGTG-3′ where the two underlined guanines indicate the location of the 1,2-cisplatinated guanine adduct. The primer for this template was 5′-CACTGACTG-TAGGAGA-3′ (30) . The undamaged control for the AAF and cisplatin templates was a 30mer, 5′-CTCGTCAGCATCT-GCATCATACAGTCAGTG-3′, which was primed using the 16mer CPD/6-4 primer described above.
Replication reactions
Replication reactions were performed essentially as described previously (31, 32) , except that KCl was omitted from the reaction. Briefly, radiolabeled primer/template (P/T) DNAs were prepared by annealing the respective 5′-32 P-labeled 16mer primer to the unlabeled template DNA at a molar ratio of 1:1.5. Standard 10 µl reactions contained 40 mM Tris-HCl pH 8.0, 5 mM MgCl 2 , 100 µM of each ultrapure dNTP (Amersham Pharmacia Biotech), 10 mM DTT, 250 µg/ml bovine serum albumin (BSA), 2.5% glycerol, 10 nM 5′-[ 32 P]P/T DNA and 10 nM Dpo4. After incubation at 37°C for various times, reactions were terminated by the addition of 10 µl of 95% formamide/10 mM EDTA and the samples heated to 100°C for 5 min. Reaction mixtures (5 µl) were subjected to 20% polyacrylamide/7 M urea gel electrophoresis and replication products visualized by autoradiography or PhosphorImager analysis (Molecular Dynamics, CA).
Kinetic analysis of replication products
Time-course reactions using the standard replication conditions were initially performed so as to ensure that the reaction was in the linear range (usually <20% of primer utilization) (33, 34) . Subsequent reactions measuring the incorporation of the correct nucleotide were performed for 2 min. The concentration of the correct nucleotide varied from 0.5 to 40 µM and the incorrect nucleotide from 1 to 16 mM. Reactions were initiated by the addition of the appropriate dNTP. Reaction products were separated in a 20% polyacrylamide gel containing 7 M urea and gels dried prior to quantitative PhosphorImager analysis using the ImageQuant software (Amersham Pharmacia Biotech). The apparent V max and K m values for each enzyme and nucleotide incorporated were determined from a Hanes-Woolf plot by linear least-squares fit as described previously (34) . The catalytic efficiency of nucleotide insertion was calculated as the ratio of V max /K m and the frequency of misinsertion were calculated as (V max /K m ) incorrect /(V max /K m ) correct , as described previously (34) .
Thermostability of Dpo4
The thermostability of the Dpo4 was compared with that of polymerase I (pol I) (New England Biolabs) and Taq polymerase (Roche Molecular) by heating each enzyme to temperatures ranging between 37 and 95°C for 5 min. An aliquot of each enzyme was then used in a standard 5 min replication reaction at 37°C that measured the incorporation of a single nucleotide, dCMP, opposite template G (see replication reactions described above). The amount of enzyme used in the replication reaction was initially determined by making serial dilutions of each enzyme and identifying the minimal amount of enzyme necessary to give 100% extension of the radiolabeled primer at 37°C. For Dpo4, it was 10 nM; for Taq polymerase it was 0.1 U; and for E.coli pol I Klenow fragment it was 0.1 U. The ability of each enzyme to extend the primer was quantitated by ImageQuant software (Molecular Dynamics) and subsequently plotted as a function of the temperature to which the enzyme was initially exposed.
Processivity of Dpo4
To measure the processivity of Dpo4, standard primer extension reactions were performed at 37°C for 5 min in the presence of all four dNTPs each at 100 µM and the template utilized was circular M13mp18. The amount of radiolabeled P/T was kept constant at 10 nM, and the amount of P2 Dpo4 polymerase varied from 200 to 0.5 nM. Reaction products were separated in a 20% polyacrylamide gel containing 7 M urea and gels dried prior to quantitative PhosphorImager analysis.
Polymerase chain reaction with Dpo4
Linear DNA fragments were pre-amplified and diluted aliquots were used as a template in subsequent assays. Reaction volumes (50 µl) contained 30 µM of each primer pair, 40 mM Tris-HCl pH 8.0, 5 mM MgCl 2 , 10 mM DTT, 60 mM KCl, 2.5% glycerol, 2.5 mM of each ultrapure dNTP and 10 ng of DNA. Reactions employed a manual denaturation at 100°C for 5 min before the addition of Dpo4 DNA polymerase (20-400 ng). One unit of AmpliTaq DNA polymerase (Roche Molecular) was used as a positive control. DNA primers were prepared by Lofstrand Laboratories. The forward and reverse primers were 5′-CGCTGTTGCTCATTTGAGC-3′ and 5′-CGAACCAGG-TCAGAGATGGTCAGCC-3′ for the ∼180 bp fragment. The temperature profile used with these primers was 30 cycles of 90°C for 30 s, 55°C for 20 s and 65°C for 60 s. The forward and reverse primers used to amplify the ∼1300 bp fragment were 5′-ATGCCTGTATTTGCCTTGGTGGACTGC-3′ and 5′-CCGGGATCCGCGCTACTTAACTCGCGG-3′. The temperature profile used with these primers was 30 cycles of 90°C for 30 s, 55°C for 20 s and 65°C for 3 min. Products were separated on a 2% agarose gel, stained with ethidium bromide and visualized on a ChemiImager 4000 low light imaging system (Alpha Innotech Corporation, San Leandro, CA).
RESULTS
Identification of the S.solfataricus P2 dpo4 gene
Utilizing the S.solfataricus P1 Dbh protein (GenBank accession no. U52110) as our search query, we performed BLASTP searches (14, 15) of archaeal genomes available at the National Center for Biotechnology Information (NCBI) GenBank database, as well as at web sites of various unfinished genome projects. The best match was a protein identified as Sso2448 by the S.solfataricus P2 genome-sequencing project, which is 53% identical and 75% similar to the P1 Dbh protein. After consultation with Drs Yvan Zivanovic and Patrick Forterre at the Université Paris-Sud, France, it has been agreed that the P2 DinB ortholog be termed DNA polymerase IV, or Dpo4 (as S.solfataricus P2 possesses three other B-family polymerases: Dpo1, Dpo2 and Dpo3; Genbank accession no. AE006641; http://www-archbac.u-psud.fr/Projects/sulfolobus/ sulfolobus.html; 16). The name Dpo4 is also consistent with E.coli nomenclature where DinB is also known as DNA pol IV (17) .
Initially, the fact that the P2 Dpo4 protein is only 53% identical to the P1 Dbh protein was a little disconcerting, as we were expecting a near perfect match. However, the P2 dpo4 gene, like its P1 ortholog (11), appears to be arranged in an operon with a putative ribokinase, and upstream of the ribokinase there is a gene encoding a protein with similarity to E.coli RuvB (compare Genbank accession number U52110 with http://www-archbac.u-psud.fr/Projects/sulfolobus/ sulfolobus.html). There is 57% identity between the P1 and P2 ribokinase proteins and 85% identity between the RuvB-like proteins. Whereas the two S.solfataricus strains were isolated in close proximity to each other and were believed to be closely related (13) , comparison of the cloned P1 DNA sequences deposited in GenBank and their orthologs in the complete P2 genome reveal that their identity varies between 23 and 100%, with the average identity being ∼71% (F.Boudsocq, unpublished observations). The P1 Dbh and P2 Dpo4 proteins are, therefore, slightly more diverged from each other than most S.solfataricus P1 and P2 proteins. However, like other members of the Y-family of polymerases, the N-terminus of the two proteins is quite well conserved and includes the five motifs identified in other members of the family (7, 11, 21, 29, 35, 36) . The S.solfataricus P2 Dpo4 protein therefore represents only the third archaeal member of the Y-family of polymerases identified to date.
Overproduction and purification of S.solfataricus P2 Dpo4
Many of the recently characterized Y-family DNA polymerases have been purified through the use of recombinant glutathione S-transferase (GST), histidine or maltose-binding protein (MBP) fusions (17, 21, (23) (24) (25) 29, 31, (37) (38) (39) (40) (41) . The exceptions are E.coli UmuC, which has been purified as a native complex consisting of UmuD′ 2 C (42,43), R46-encoded MucB, which was purified in a denatured form and subsequently renatured (44, 45) and E.coli DinB, which was initially purified as histidine and MBP fusions (17, 18) but has now been purified in native form (19) (M.F.Goodman, University of Southern California, personal communication). We were therefore interested in attempting to purify native Dpo4 lacking any recombinant tags. This goal has been largely achieved by the fact that the protein is thermostable and can be easily purified from thermolabile contaminants (see below). Indeed, by simply heating the soluble cell extract to 85°C for 5 min caused many of the native E.coli proteins to denature and precipitate. As a result, we obtained a soluble extract that was highly enriched for Dpo4 (Fig. 1, track S) . The abundance of Dpo4 in the heattreated extract allowed us to easily monitor the enzymes purification through the visual inspection of Coomassie Blue stained SDS-PAGE gels. Minor contaminants were subsequently removed by standard chromatographic methods and resulted in preparations of P2 Dpo4 that were >95% pure (Fig.  1) . The yield of protein was significant and was in the range of 7-15 mg/l of initial E.coli cell culture. The P2 Dpo4 protein consists of 352 amino acids with a predicted mass of 40 189 Da and an estimated pI of 9.11. However, it should be noted that the protein migrated slightly faster than a marker protein of ∼38 kDa (E.coli RecA protein) on denaturing SDS-polyacrylamide gels (Fig. 1) .
Fidelity of S.solfataricus P2 Dpo4
As Dpo4 is phylogenetically related to a growing family of DNA polymerases (6), we expected that it would exhibit intrinsic polymerase activity. Although S.solfataricus species grow optimally at 75-80°C, they are also capable of growing at much lower and higher temperatures (13) . Indeed, our preliminary replication assays indicated that the enzyme is active at 37°C. This was particularly useful, as the melting point (T m ) of the primer used in the replication assays is 49°C. Although we could have potentially designed and utilized a P/T with a higher T m , we preferred to use the P/T with the lower T m , as it allowed a direct comparison to the distantly related human polι enzyme in the same nucleotide sequence context (31) . As a consequence, all replication assays were performed at 37°C unless otherwise stated. Under these conditions, Dpo4 appears able to discriminate between correct and incorrect nucleotides, as in all cases, the most efficient primer extension is observed in the presence of the correct incoming dNTP. However, it should also be noted that misincorporations at each template site are also clearly visible (Fig. 2) . In the presence of all four dNTPs, Dpo4 extends primers in a distributive manner to the end of the template. Overall, misincorporation frequencies for Dpo4 are in the range of 8 × 10 -3 to 3 × 10 -4 (Table 1) and these values are similar to those reported for the related E.coli pol IV and the human polκ (DINB1) enzymes (17, 18, 20, 22, 24) . 
Processivity of S.solfataricus P2 Dpo4
In the absence of cofactors, the related E.coli pol IV and human polκ enzymes exhibit differences in their intrinsic processivity. Escherichia coli pol IV is strictly distributive and only extends primers by 1 nt (17) whereas human polκ extends primers by ∼25 nt per binding event (22) . We were therefore interested in determining the processivity of the archaeal P2 Dpo4 polymerase. To do so, we utilized the ∼7.2 kb circular M13mp18 as a template for replication reactions. In these experiments, the concentration of template was fixed at 10 nM, and the amount of P2 Dpo4 varied over a 400-fold range. At high enzyme to P/T ratios (20-fold excess of enzyme to P/T), Dpo4 gave replication products that were several hundred nucleotides in length (Fig. 3) . At equimolar enzyme to P/T ratios, radiolabeled primers were extended in a distributive manner up to ∼50 nt. At much lower enzyme to P/T ratios (20-fold excess of P/T to enzyme), the majority of primers were only extended by 1-2 nt, although a small fraction did appear to be extended by 10-11 bp (Fig. 3) . Thus, we conclude that in the absence of additional cofactors, Dpo4 is an essentially distributive enzyme that only extends primers by 1-2 nt per binding event. However, at high enzyme to P/T ratios, dissociation and rebinding of the enzyme to the P/T is robust and can lead to the synthesis of polynucleotide chains of several hundred nucleotides in length. Similar results were obtained in experiments where the radiolabeled P/T and enzyme were kept constant, but an excess of unlabeled P/T was added to the reaction as a 'trap' for any Dpo4 molecules that dissociated from the labeled P/T (data not shown).
Thermostability of the Dpo4
As S.solfataricus naturally grows at moderately high temperatures (13), we assumed that the enzyme would be thermostable. dGTP-C 3.52 1 Figure 3 . Sulfolobus solfataricus P2 Dpo4 is a distributive polymerase. The ability of Dpo4 to extend a primer annealed to a long (∼7.2 kb) single-stranded DNA template was assayed over a range of enzyme concentrations. The P/T was kept fixed at 10 nM and the enzyme concentration varied from 200 to 0.5 nM as indicated. Reactions contained all four dNTPs (100 µM each) and were performed for 5 min at 37°C. This experiment shows that in the absence of additional cofactors, P2 Dpo4 is a distributive enzyme, primarily synthesizing 1-2 nt per binding event.
Indeed, our purification protocol relies on the fact that the enzyme is not denatured after heating crude cell lysates at 85°C for 5 min (Fig. 1) . The thermostability of the highly purified Dpo4 enzyme was more accurately determined by heating aliquots at a variety of temperatures for 5 min. After this time, we assayed the ability of the enzyme to incorporate a single dCMP opposite template G, which is the most catalytically favorable incorporation for the enzyme ( Table 1 ). The thermostability of each enzyme was compared with two well-characterized enzymes, Taq polymerase (Roche Molecular) and E.coli pol I Klenow fragment (New England Biolabs), under the same assay conditions. As seen in Figure 4 , Dpo4 remains active over a wide range of temperatures and under these assay conditions was indistinguishable from the thermostable Taq polymerase. In contrast, the activity of pol I Klenow fragment diminished rapidly after heating to temperatures of >65°C and was abolished above 75°C (Fig. 5) . The S.solfataricus P2 Dpo4 enzyme is, therefore, the first characterized thermostable member of the Y-family of DNA polymerases.
PCR reactions with S.solfataricus P2 Dpo4
Given that the Dpo4 is thermostable and at high enzyme to P/T ratios can extend primers by several hundred nucleotides, we were interested in determining if the enzyme might be able to substitute for Taq polymerase in polymerase chain reactions (PCR). Indeed, a short linear fragment of ∼200 bp was amplified with ∼70% yield of that obtained with Taq polymerase (Fig. 5 , upper panel). We have also been able to amplify a fragment of ∼1300 bp, but as expected the efficiency of the reaction was less efficient than that observed for Taq polymerase under the same conditions (Fig. 5, lower panel) . Thus, we conclude that under certain conditions, S.solfataricus P2 Dpo4 can substitute for Taq polymerase in PCR. In general, DNA polymerases used in PCR are derived from either family-A or family-B type polymerases, and we believe that this is the first report of such an activity for a member of the Y-family of polymerases. We have not measured the fidelity of the PCR reaction directly, but if we assume that it is similar to the fidelity of the primer extension reactions performed at 37°C (Table 1) , misincorporation frequencies would be in the range of 10 -3 to 10 -4 making it slightly more error-prone than Taq polymerase.
Ability of P2 Dpo4 to bypass DNA lesions
The Y-family polymerases are best characterized by their ability to facilitate translesion replication of a variety of DNA lesions (reviewed in 2, 8, 46) . Interestingly, the DinB branch of the family appears unable to replicate through UV-induced lesions such as a cis-syn thymine-thymine dimer, or a 6-4 pyrimidinepyrimidone lesion (18, 20, 21, 23) . They are, however, able to replicate through synthetic abasic sites and certain bulky adducts like acetyl aminofluorene adducted guanine residues (AAF-G) (18, 21, 23, 25, 47) . In these instances, bypass appears to occur via a P/T slippage mechanism, rather than via direct translesion replication, as in vitro replication products are often 1-2 bp shorter than expected. We were therefore interested in Figure 4 . Thermostability of S.solfataricus P2 Dpo4. Aliquots of P2 Dpo4 (triangle), Taq polymerase (circle) and E.coli pol I Klenow fragment (diamond) were heated at the temperature indicated for 5 min. The effect of such treatment on polymerase activity was subsequently determined by assaying the respective enzyme's ability to extend a radiolabeled primer via the correct incorporation of dCMP opposite template G. Replication assays were performed at 37°C and 100% incorporation occurred when all of the primer was extended by 1 nt. determining the ability of the Sulfolobus DinB-like polymerases to bypass a cis-syn thymine-thymine dimer, a 6-4 photoproduct, an abasic site, a 1-2 cisplatinated guanine and an AAF-G lesion (30) . Surprisingly, Dpo4 was able to bypass all lesions tested (Fig. 6) . In time-course experiments, the lesion most easily bypassed was the abasic site, with close to 100% primer extension by 30 min (Fig. 7) . Perhaps the most interesting observation is that unlike other DinB-like polymerases, Dpo4 is able to insert bases opposite the CPD and 6-4 lesions. Especially in the case of the CPD, these can be further elongated to generate full-length replication products (Fig. 6) . Faint bypass products were also observed with the 6-4 lesion, indicating that it is not an absolute block to Dpo4-dependent replication. Dpo4 was also able to extend primers annealed to the cisplatinated and AAF-G templates, usually by the incorporation of a single nucleotide opposite the first adducted G, although it is also evident that in both cases, a small amount of full-length product can be seen at longer time points, indicating that complete lesion bypass has occurred (Fig. 6) .
We have also determined the Dpo4-dependent nucleotide (mis)incorporation pattern at each of the lesions (Fig. 8) . If one assumes that in this qualitative assay, the extent of primer elongation in the presence of a single dNTP is a good measure of the enzyme's fidelity, one observes that Dpo4 generally inserts the correct nucleotide at each respective DNA lesion. Thus, the CPD is bypassed by the incorporation of two A residues, and the AAF-G and cisplatinated G by the incorporation of one or two cytosines, respectively. Although a complete bypass of the 6-4 lesion was limited, most efficient extension of the radiolabeled primer also occurred in the presence of dATP. Like many polymerases, Dpo4 appears to follow the 'A-rule' (48) when encountering an abasic site. We have confirmed that the qualitative assay shown in Figure 8 is a good measure of the enzyme's fidelity by quantitative steadystate kinetic analyses of nucleotide incorporation at the 3′-T of the CPD, the 3′-T of the 6-4 lesion, and the abasic site (Table 2) .
DISCUSSION
The Y-family of DNA polymerases are found in all three kingdoms of life. A recent search revealed at least 52 orthologs (6). However, more members of the family are likely to be identified as the list of completely sequenced genomes increases. Phylogenetic analysis of the archaeal Y-family polymerases places them in the broad DinB branch of an unrooted tree (6) . To date, only three archaeal dinB-like genes have been reported in the literature. These include a homolog in S.solfataricus P1 (11), S.solfataricus P2 (16) and Halobacterium NRC-1 (12) . Characterization of the S.solfataricus P2 DinB-like polymerase reported here reveals properties consistent with its phylogenetic analysis, but also provides insights into several unique features of the enzyme.
Unlike other DinB-like polymerases, Dpo4 is active over a wide range of temperatures (Fig. 4) . When we initiated the biochemical studies on Dpo4, we were unsure of which temperature we should employ for the replication reactions. On one hand, S.solfataricus P2 grows optimally between 70 and 80°C, so replication reactions at such temperatures might be considered more physiological. However, previous studies on the fidelity and lesion-bypass properties of various Y-family polymerases have all utilized templates designed to work optimally at 37°C. As Dpo4 appears to retain full activity at the lower temperature, we chose the latter temperature for our initial characterization of the enzyme, as it allows a direct comparison between various Y-family enzymes within the exact same DNA sequence context (for example compare refs 21, [28] [29] [30] [31] [32] . Experiments are currently in progress with modified DNA templates that permit replication and characterization of Dpo4 at much higher temperatures.
In general, P2 Dpo4 exhibited misincorporation frequencies in the range of 10 -3 to 10 -4 , which is similar to that reported previously for E.coli pol IV and human polκ (18, 20, 22, 24) . The most efficient catalytic reaction performed by the enzyme is the correct incorporation of dCMP opposite template G, which is 2-4-fold more efficient than the incorporation of any other correct nucleotide. In comparison, E.coli pol IV also shows a slight preference for incorporating C opposite G (18), as does human polκ (24) . However, it should also be noted that in another sequence context, incorporation of A opposite T was slightly favored by human polκ (20) . In the exact same sequence context used here, the distantly related human polι inserts T opposite A by a factor of 25-100-fold better than any other correct nucleotide (31) . Thus, the catalytically efficient insertion of C opposite G may be a feature that is common to DinB-like polymerases.
The ability of Dpo4 to bypass DNA lesions is unique compared with other members of the DinB polymerase family. In fact, its ability to bypass lesions by generally inserting the correct complementary nucleotide opposite a variety of damaged bases is Figure 8 . Ability of S.solfataricus P2 Dpo4 to incorporate nucleotides at various damaged template sites. The extent of (mis)incorporation was measured at each template site in the absence (0) or presence of all four dNTPs (4) or presence of each individual dNTP (100 µM) (G, A, T, C). Reactions were for 5 min at 37°C with 10 nM of Dpo4. The sequence context of each template is given above each panel. The extent of primer utilization (expressed as a percentage of the 0 dNTP control) is given below each track. From this qualitative assay, one observes that Dpo4 prefers to incorporate the correct nucleotide at each lesion. These observations have been confirmed by steady-state kinetic analysis (Table 2) . The data were derived from four different experiments and have standard errors of <20%. The reaction time 5 min with 10 nM of P2 Dpo4. The relative frequency of misincoporation, Relƒ inc = (V max /K m ) incorrect /(V max /K m ) correct at each template site. For the CPD, the 6-4 and abasic site the correct base was assumed to be A. Incorporation at AAF-G and cisplatin-G was also determined, but only the correct incorporation of C opposite each lesion was measurable, and as a consequence no relative frequency of incoporation was determined. much more akin to eukaryotic polη (28) (29) (30) 37, 49, 50) than to DinB-like polymerases. Although found in archaea, Y-family DNA polymerases clearly have a limited distribution and to date, have only been identified in three strains of archaea (11, 12, 16) , two of which (S.solfataricus P1 and P2) are closely related. Presumably, such enzymes provide a selective advantage to S.solfataricus and Halobacterium species that is not necessary in other archaea. Sulfolobus solfataricus grows optimally at close to 80°C and as a consequence, its genome is much more likely to undergo depurination/depyrimidination than organisms which grow at lower temperatures. It may be of no passing coincidence therefore that the lesion most readily bypassed by Dpo4 is an abasic site (Figs 6 and 7) . Like E.coli pol IV, S.solfataricus Dpo4 appears to be distributive in the absence of stimulatory cofactors. However, the processivity of E.coli pol IV is greatly enhanced in the presence of the β-clamp and γ-clamp loading complex (18, 19) . In contrast, human polκ appears to be much more involved in processing (22) , and is not stimulated by human PCNA (25) . Sulfolobus solfataricus P2 possesses multiple PCNA orthologs (16, 51) , and it will be of interest to determine whether their inclusion in Dpo4-dependent replication assays will affect the ability of the enzyme to synthesize DNA processively. Despite the intrinsic distributive nature of the enzyme, the activity of Dpo4 is sufficiently robust that long stretches of DNA can be synthesized at high enzyme to template ratios. This fact, combined with the thermostability of Dpo4, allowed us to use the enzymes as a substitute for Taq polymerase in PCR reactions. The lowfidelity and distributive nature of Dpo4 suggests that it is unlikely to pose as a significant alternative to Taq polymerase in many general PCR reactions, but one might envisage that such an activity might be useful on damaged DNA templates that cannot be amplified by thermostable family-A or family-B polymerases.
Finally, the availability of reasonably large quantities (∼7 mg of purified protein per liter of E.coli culture) of a thermostable member of the Y-family of DNA polymerases, provides an excellent opportunity for crystallographic structure-function studies. Indeed, the structure of Dpo4 in a ternary complex with template DNA and incoming nucleotide has recently been solved at a resolution of 1.7 Å (52). Based upon the biochemical properties of the Dpo4 enzyme reported here, structure-function studies on the polymerase should not only provide insights into bacterial and archaeal enzymes, but eukaryotic DNA polymerases such as human pols η, ι and κ.
